Several types of small-dimension graded-reflectance mirrors deposited through rotating masks are compared. Multilayer mirrors provided with single-variable-thickness layers have limitations that are avoided when all the layers in the system are shaped. High-reflectance mirrors of the latter type are demonstrated. Numerical and experimental results are given.
Introduction
Over two decades ago theoretical studies indicated that soft apertures or variable-reflectance mirrors reduce the detrimental effects of edge diffraction in optical resonators.'- 6 A number of different approaches have been proposed in the past for the implementation of this principle. Of these, the use of graded-reflectance mirrors (GRM's), also known as variable-reflectance mirrors has proved to be the most practical.
Since the first experimental demonstration of a GRM based on a variable-thickness nonabsorbing layer by Lavigne et al., 8 a number of other papers have been published that confirm this principle. 9 -17 The use of GRM's is now a commercially accepted means of producing high-energy single-transversemode laser beams with unstable resonators operating on high-gain media. Such beams have uniform intracavity near-field distributions, and an almost diffraction-limited far-field pattern.
In a typical laser resonator the GRM is the output coupler, and it has a circularly symmetric reflectance profile. The variation of the reflectance R with radius r can assume almost any value, but most frequently it obeys a Gaussian (k = 2) or superGaussian (k > 2) relation of the type the waist or radius vector at which the reflectance is reduced to 1/e of its peak value. Examples of Gaussian and super-Gaussian curves are given in Fig. 1 .
Several multilayer types and masking techniques can be used for the manufacture of GRM's. Lavigne et al. 8 deposited a single-variable-thickness layer through a mask onto an antireflection-coasted (AR) substrate. This is the simplest or basic GRM type. Higher peak reflectances require additional layers. In the sandwich GRM type one or more shaped layers is embedded in a stack of layers of uniform thicknesses.14"1 5 In the fully shaped GRM type all the layers have variable thicknesses.16"1 7 The masks can be fixed or rotating. The latter offer a better control of the radial-reflectance variations but they are more difficult to fabricate. In this study we show that the deposition of GRM's through rotating masks is an effective technique, even when the mask dimensions are quite small.
The three types of GRM are described in greater detail in Sections 2-4. The advantages and disadvantages of stationary and rotating masks are discussed in Section 5. Section 6 contains a description of the vacuum-coating equipment and process. Section 7 is concerned with the testing and evaluation of the experimental coatings. Finally the results are summarized in Section 8.
GRM's of the Basic Type
As we mentioned in Section 1, the simplest way to produce a GRM is to deposit a single high-refractiveindex layer through a suitably cut mask. The substrate must be transparent and must have been coated previously with a uniform antireflection coating. 8 A schematic representation of such a device is shown in Fig. 2A . Major laser manufacturers are now offering GRM's of this type for use in Nd:YAG and similar lasers. The reflectance at the design wavelength Xo decreases from a peak value of R 0 at r = 0 to a minimum at the edge of the GRM where the thickness of the shaped layer is zero. At that point the reflectance corresponds to that of the AR substrate. Between these two limits the required reflectance profile is obtained through a suitable shaping of the mask. The maximum value of Ro is achieved when the optical thickness of the shaped layer is equal to XO/4 and its refractive index n has the highest possible value. This in turn depends on the spectral region and, for laser applications, on the minimum acceptable laser damage threshold. For example, reflectances of the order of 75% are possible at CO 2 laser wavelengths (o 10.6 m) at which thin films of germanium (n = 4.2) are transparent. 8 In the W. visible, and near-IR spectral regions the highest refractive indices available for high-laser-damagethreshold coatings are of the order of 2.1. This limits Ro to 40%. Coatings for low-power lasers can be based on materials with slightly higher refractive indices. Calculated results for a Gaussian GRM of small dimensions are shown in Fig. 3 . This example was chosen to illustrate the effect of mask-fabrication limitations on the performance. The wavelength of operation is the YAG laser wavelength Xo = 1.064 plm, and the coating materials are SiO 2 (n = 1.44) and ZrO 2 (n = 2.03). All the systems presented in this paper are based on these materials or on SiO 2 and Ta 2 O 5 (n = 2.2). The shape of the required mask is shown in Fig. 3A . The open portion is narrow, and the tips, which ideally should end in sharp points, have been rounded. They have a diameter of 0.3 mm to simulate the limitations of our mask-fabrication technique. This truncation results in a distortion of the thickness and reflectance profiles (Figs. 3B and  3C ). The phase jumps in Fig. 3D have a different origin and occur at slightly different radial positions. The maximum reflectance possible with this design is relatively small, Rma. = 0.37. The calculations have been performed for normal incidence.
The radial optical path variations in GRM's distort the reflected and transmitted wave fronts. This may result in diffraction, focusing, hot spots, etc., which are detrimental to the operation of a laser. The reflection phase shifts are particularly important because they affect the light properties within the laser resonator. Figure 3D shows the radial variation of the reflection phase shift calculated in plane P, relative to the central value (see the inset in Fig. 3D ). This represents also the phase-front deformation of an incident plane wave after reflection. It will be seen that the phase variation is small, except for a sharp discontinuity of 7r/5 (or X 0 /10) at the edge of the GRM. From experience it appears that variations of this magnitude do not unduly affect the performance of lasers. 1 3 This is especially true if the energy in the region of the phase jump is small. The calculated and measured reflectance profiles of an experimentally produced GRM of extremely small dimensions (o = 0.78 mm) are shown in Fig. 4 . It is quite interesting that such small GRM's can be fabricated with such good precision. The equipment and procedures used for the deposition and testing of the GRM's are described in Sections 5-8.
GRM's of the Sandwich Type
For higher reflectances more layers must be employed. In GRM's of the sandwich type the shaped layer is embedded in a stack of layers of uniform thickness. Such systems have been proposed in the past, but to our knowledge practical results have not been described in detail. 1 4 , 1 5, 7 Our implementation of the concept is shown in Fig.  2B . Here the graded layer is sandwiched between two quarter-wave stacks that are mirror images of one another. When the optical thickness nt of the shaped layer is also equal to XO/4, the combined system acts like a quarter-wave stack and the reflectance is a maximum. We can fine tune the peak reference of the GRM by varying t. At the edge of the GRM t = 0, and the remaining layers in the quarter-wave stack become absentee. Once again the reflectance of the system is equal to the reflectance of the AR-coated substrate. The shape of the mask is adjusted so that we obtain the desired reflectance profile between these two extreme positions.
Variants of this concept are possible. For example, the use of the quarter-wave stacks is not essential, several layers can be graded, their position in the stack can be varied, and their thicknesses do not have to be reduced to zero at the edge of the mirror. We chose the GRM geometry shown in Fig. 2B because it is simple and capable of high peak reflectances and low edge reflectances with a minimum number of layers.
However, these GRM's have some limitations. Because only one layer is shaped, the mask must be inserted and removed in the middle of the coating process. Three separate pump-down cycles are needed. This is inconvenient, increases the risk of contamination and scatter, and can affect the laser damage threshold of the mirrors. Note that the problem is the same with all the other sandwich variants. There are some additional difficulties in the case of high reflectances. At the edge of the GRM, where the quarter-wave stack is absentee, the spectral characteristics of the system correspond to those of a narrow-band filter. Such a system is quite sensitive to errors in thicknesses, and achieving a zero reflectance will therefore be difficult. The problem can be expected to be even more severe for systems with more than one shaped layer, which behave in the AR region like higher-order or multicavity narrow-band filters.1 7 Finally masks for GRM's of small dimensions become increasingly difficult to produce as the reflectance increases.
The points above are illustrated by two examples. The first of these is a successful super-Gaussian GRM (k = 3) for Xo = 0.810 pum withRo = 0.84 and o = 3.3 mm. The multilayer consists of a two-layer AR coating and a five-layer reflector (Fig. 5A ). The shaped layer is indicated by an arrow. The required mask is shown in Fig. 5B . It has a relatively large aperture and can be produced with good accuracy. Note that the tips of the mask are again rounded with the same radius as before. The calculated superGaussian reflectance profile and the deformation of the reflected phase are shown in Figs. C and 5D, respectively. The latter has an amplitude of -r/5, if the phase jump in the AR region is excluded. This is larger than in the previous example but still small enough for most applications. A GRM according to the above specifications has been produced. The measured reflection profile is represented by the dotted curve in Fig. 5C . The agreement between the calculated and experimental data is quite good. The next calculations correspond to a GRM that was found to be too difficult to implement in practice (Fig. 6) . The maximum reflectance, Ro = 0.85, was specified for a wavelength of Xo = 1.064 pum. However, this time the reflectance profile was Gaussian (k = 2) and the waist was only = 1.0 mm. A multilayer system similar to the previous one with a satisfactory reflectance profile and a phase variation has been found (Figs. 6A, 6C, and 6D) . Unfortunately the width of the mask aperture barely exceeded the resolution of our mask-fabrication technique (Fig.  6B) . Such a mask would be too difficult to make with sufficient accuracy. In general it has been found that as the value of k decreases and that of Ro increases, the y/x aspect ratio of the mask opening decreases, making the fabrication of small masks more difficult. This can be seen by comparing Figs.
3, 5, and 6.
Fully Shaped GRM Systems
A third GRM type based on the use of fully shaped multilayer systems is illustrated in Fig. 2C . All the layers are deposited through the same mask, and hence their relative thickness variations are the same. The deposition process is now continuous, without the need of venting of the chamber for the introduction or removal of masks. This shortens the manufacturing time and reduces contamination. 
Since all the layer thicknesses are zero in the shadow of the mask, the substrate cannot be antireflection coated in this region. Furthermore the large thickness variations tend to create undesired sidelobes in the reflectance curve unless the system consists of only a few layers; in which case the peak reflectance is relatively low.' 4 The deposition of fully shaped GRM's through rotating masks does not have the same limitations. We also found that it has some additional advantages over the other approaches described in the previous sections. This technique was proposed in Ref. 17 , but practical results were not described in detail.
With fully shaped GRM's we optimized both the layer thicknesses and the mask shape to achieve the desired performance. The system is designed to be a good reflector at r = 0 and an antireflection coating at the edge of the GRM. In general the thicknesses of all the layers will be different. The additional degrees of freedom that now exist can be used to find thin-film solutions that are less sensitive to thickness errors and that work in conjunction with masks that are easier to produce. For example, it is possible to reduce the problems that are associated with the sensitivity to thickness errors in the region of low reflectance.
In Fig. 7 are shown the calculated results for a fully shaped GRM with exactly the same specifications as those used in Fig. 6 . The new system consists of nine layers (Fig. 7A) . Note the almost symmetrical chirp of the layer thicknesses. The reflectance profile is the same as before (Figs. 6C and 7C ), but the (Fig. 7B) . This is because the thicknesses of the layers at the edge of the GRM have finite values. The mask fabrication is therefore easier. One disadvantage of this solution is that the distortion of the reflected phase fronts is larger (Fig. 7D ). This is due to the fact that all the layers are shaped. Even if the thickness variation in each layer were smaller than before, the combined overall thickness variation of the multilayer is larger. The resulting phase variation may be too large for some applications.
Preliminary experimental results for a fully shaped super-Gaussian (k = 4) GRM with a small waist (o = 1.9 mm and a maximum reflectance R = 0.85 at a wavelength of Xo = 1.064 ,um are shown in Fig. 8 . The measured peak reflectance was only 0.8. According to numerical simulations, this and the small irregularities near the peak are probably a result of thickness errors. The AR region appears to have a low sensitivity to such errors since a reflectance of 0.0007 in the AR region was obtained without difficulty.
As stated before the phase variation of the fully shaped GRM shown in Fig. 7D is probably larger than can be accepted for use in most laser resonators. Until now the phase variation was not a design parameter in the calculations. It was merely calculated for the multilayer systems that satisfied the requirements on the reflectance profile. In the case of GRM's of the basic and sandwich types the phase variation was automatically small enough. It is obvious from the above that this is not true in general and that for the design of the fully shaped GRM's phase constraints must also be included in the specifications. The results of some preliminary calculations of this type are shown in Fig. 9 . The specifications for this problem were the same as for Fig. 7 except that in addition a constant phase factor was specified. The system consists now of 15 layers. The residual reflectance at the edge of the mirror is very small, the phase variation is also very small, and there is no phase jump. The mask is easy to fabricate. A detailed discussion of such phase-controlled GRM's will be given in another publication. A zero-phase distortion was specified in these calculations.
Masking Operations for Shaped Layer Deposition
Films with thicknesses that vary in a predetermined way can be produced by evaporation through a suitable mask. For example, various optical filters in which the transmittance or reflectance varies along a straight line1 8 or along the circumference of a circle have been made.19 20 It is more pertinent to the current problem that metallic or dielectric films with radial thickness variations have been used to produce aspheric reflecting or refracting surfaces. 21 - 2 4 There are four different masking approaches to the fabrication of coatings with such circular symmetry.
A. Stationary Substrate and Mask (Fig. 1 OA) In this arrangement the mask has a circular opening of diameter D and is placed at a distance h from the substrate. The evaporation source has a finite diameter d and is centered below the mask at a distance H away from the substrate. The thickness of the deposit is uniform across a central area. The falloff in thickness in the penumbra region depends on the relative dimensions of d, D, h, and H. The arrangement is simple, but there are not enough parameters for accurate control of the variation in thickness. Although this method has been used for the manufacture of some types of GRM, it does not seem to be suitable for super-Gaussian GRM's of low order and large waist or of high order and small waist.15,' 6 Additional problems encountered during the manufacture of fully shaped GRM's with stationary mask and subtrate are mentioned in Section 4. (Fig. 1 OB) A suitably cut mask is placed vertically above the source. The substrate is rotated in close proximity Here to is the thickness of the film at the center of the substrate, and 0(r)o is a normalization factor. Theoretically this method can produce almost any desired circularly symmetric reflectance profile.
B. Rotating Substrate and Stationary Mask
C. Stationary Substrate and Rotating Mask (Fig. 1 0C) In principle this approach is equivalent to the method described in Subsection 5.B, and the cut of the mask is evaluated from the same equation.
D. Rotating Substrate and Rotating Mask (Fig. 1OD) In this arrangement the substrate and the mask rotate in opposite directions and the gears driving the two components are chosen so that beats are prevented from occurring during the time required for the deposition of the layer. Once again, we can use the expression given in Subsection 5.B to calculate the opening of the mask.
As already stated, method A does not have the degrees of freedom necessary to control accurately the thickness profile of the layer. In ideal situations in which the angular evaporation characteristics of the source are constant throughout the deposition and the vapor plume has circular symmetry and is aimed at the center of the substrate, each of the remaining three methods yield equivalent results. However, in practice these assumptions are not always justified. For example, the effect of a tilted plume in the case of a rotating substrate above a stationary mask will result in a circularly symmetrical deposit but with distorted thickness profile. In the case of a stationary substrate above a rotating mask the same condition will give rise to an asymmetry in the thickness profile on the substrate, but the average profile will be approximately correct. The use of masks in which the required opening has been distributed in several identical segments can reduce these effects. However, this is at the expense of an added complexity in the mask manufacture and the introduction of more cutting errors. The double rotation (method D) provides for still better averaging but is much more difficult to implement.
It has been found that when sufficient care is exercised, the stationary-substrate rotating-mask method can yield entirely satisfactory results. A computer program has been developed that simulates the expected thickness profile for different masks and source-substrate distances. With the aid of this code the best deposition configuration can be found and the optimum mask shape calculated for a given thickness profile. The masks must then be cut accurately. The fixture that holds the substrate and provides for the rotation of the mask had to be machined to strict tolerances, and it must be regularly maintained. The masks have to be carefully mounted on the rotating fixture if holes or bumps at the center of the GRM are to be avoided. However, with these precautions the equipment and methods described above yielded during the past few years many different reflectance profiles, even of very small dimensions, with a high degree of accuracy. For example, Gaussian and super-Gaussian profiles with values of (R 6 m as small as 0.6 mm have been accurately produced (Fig. 4) .
Vacuum-Coating Equipment and Process
Most of the GRM's described in this paper were deposited in a conventional 45-cm-diameter stainlesssteel bell-jar system pumped by a 15-cm-diameter diffusion pump. The base pressure of this system, 5 x 10-6 Torr, could be reached after 60 min of pumping with LN 2 in the baffle. A four-crucible electron-beam gun source was used for the evaporation of the coating materials. The materials selected for construction of the mirrors were SiO 2 and ZrO 2 because of their good transparency in the wavelength region of operation (0.81 and 1.064 gim). The starting materials for the SiO 2 layers were fused silica disks. The evaporation took place at a pressure of 1 X 10-5 Torr. The ZrO 2 films were produced by the reactive evaporation of Zircaloy in an oxygen partial pressure of 1 x 10-4 Torr. 2 5 Before the deposition the substrates were carefully cleaned in an ultrasonic bath and placed in the rotating mask fixture. The substrate was mounted directly above the evaporation source. The optical monitoring was performed on a separate witness glass placed to one side of the substrate. Calibration runs were necessary for determination of the tooling factor. The most sensitive wavelength monitoring method was used to control the thickness of the layers. 2 6 27 Light from a quartz halogen lamp, after passing through the witness glass, was focused with mirrors and lenses onto the slit of a grating monochromator. For each layer of the system the wavelength of the monochromator was selected to correspond to that position in the spectrum at which the derivative of the transmittance with respect to the layer thickness was largest for the desired thickness of the layer. The signal from the photomultiplier placed at the exit slit of the monochromator was recorded on a plotter. The deposition process was terminated when the measured transmittance corresponded to the calculated transmittance of the partial system up to this point.
Depending on the type of GRM being constructed, all layers or one only were deposited through the mask. In the latter case two or three pump-down sequences were required to complete the deposition of the final system.
The multilayer whose measured performance is presented in Fig. 5 was based on films of SiO 2 and Ta 2 O 5 deposited in a Balzers BAP 800 ion-plating system.
Testing of GRM's
A schematic diagram of the apparatus used for the measurement of the reflectivity profiles is shown in Fig. 11 . A diode-pumped Nd:YAG laser serves as the light source. After the beam is passed through a light chopper and several other optical components, it is focused onto the surface of the GRM. The angle of incidence of the laser beam on the sample is of the order of 40, and its diameter is of the order of 50 pm.
This assures a very high spatial resolution (see Fig.   4 ).
A ratio method with two beams and two detectors is used for the measurements. Before a reflectivity profile is taken, the system is calibrated with a reflectance standard placed on the translation stage. For example, the reflectance of a freshly cleaned silica surface is used as a standard for measurements of AR surfaces. After the calibration the GRM is mounted on the translation stage, and we obtain a scan of the reflectivity profile by moving the mirror across the beam.
Two lock-in amplifiers and an integrator coupler are used in the measurements. The latter makes possible the real-time calculation of the ratio of the sample and reference signals. The main advantage of using an integrator coupler is the elimination of transient ratio errors as a result of unbalanced time constants of the lock-in amplifiers. With this system it is possible to measure with good reproducibility reflectances that are lower than 0.01%.
Conclusions
The rotating-mask technique has been used to fabricate several types of GRM. It was found to be effective even for GRM's of small dimensions.
The simplest GRM designs are those of the basic type, which consists of a single graded thickness layer deposited onto an AR substrate. The peak reflectance that can be achieved in this way is usually quite low, except for that IR part of the spectrum in which low-absorption, extremely high-refractive-index coating materials are available.
Higher reflectances can be achieved with GRM's in which the graded layer is sandwiched between quarterwave stacks. The performance of these, however, is sensitive in the antireflection region to errors in the thicknesses of the individual layers of the system. In addition the masks are difficult to produce for small-waist low-order super-Gaussian reflectance profiles. With both of the above types of GRM the coating process has to be interrupted for mask installation.
When the mask is used throughout the deposition process, all the layers are shaped. No interruption of the coating process is required. We can optimize both the layer thicknesses and the mask shape to achieve the desired performance. In general the layer thicknesses are all different. We can use the additional degrees of freedom available with this approach to obtain solutions with an improved performance and/or masks that are easier to cut. This was verified experimentally even for narrow-waist high-reflectance Gaussian GRM's that are difficult to obtain with the sandwich technique.
In general the distortion of the phase fronts by such mirrors is greater than for the first two GRM types. However, preliminary calculations have indicates that the reflected phase-front distortion can be reduced to comparable levels by controlling the phase during the design stage (Fig. 12) . A more detailed description of these phase-controlled fully shaped GRM's will be given elsewhere.
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